Lysobacter antibioticus is an important biocontrol bacteria against phytopathogens in soil, and with the ability to produce nonvolatile antimicrobial metabolites has been extensively characterised. It is important to establish applicable techniques to detect and monitor L. antibioticus directly and accurately in soil samples. We developed and tested 13 primer sets according to phenazine gene (phzA, phzB, phzD, phzF, phzS) and the cyclohexanone monooxygenase gene (phzNO1); a pair of primer phzNO1 F1/phzNO1 R1 based on the cyclohexanone monooxygenase (phzNO1) gene of L. antibioticus strain OH13 was selected and optimized polymerase chain reaction (PCR) amplification conditions for rapid and accurate detection. After screening eight strains of L. antibioticus, two strains of Lysobacter enzymogenes, one strain of Lysobacter capsici, Arthrobacterium, Bacillus, Microbacterium, Burkholderia, Pseudomonas and other bacterial strains isolated from different agricultural soils, the phzNO1 F1/phzNO1 R1 primers amplified a single PCR band of about 229 bp from L. antibioticus. The detection sensitivity with primers phzNO1 F1/phzNO1 R1 was 5.14 × 10 4 fg/25μL of genomic DNA and 2.254 × 10 10 to 2.254 × 10 11 colony-forming units/mL for the soil samples. Quantitative PCR assays were to develope as a specific method to monitor the L. antibioticus population in soil as well as guide soil micro-ecological management.
INTRODUCTION
Biocontrol agents offer disease management alternatives with different mechanisms of action from chemical pesticides, and the public tend to use plant protection products with biorational and potential for biocontrol, such as biopesticides containing biocontrol bacteria (Cook 1993; Fravel 2005) . The bacterial genus Lysobacter is one of the most ubiquitous environmental microorganisms; so far the Lysobacter genus has expanded to include 37 species (Christensen and Cook 1978; Singh et al. 2015) . Some bacterial strains of Lysobacter species represent a source of biocontrol agents capable of protecting plants against disease (Hayward et al. 2010; Qian et al. 2012) . Members of Lysobacter antibioticus are representative soil inhabitants (Postma, Schilder and van Hoof 2011) ; it is a non-spore forming Gram-negative bacterium and has antagonistic effects against phytopathogens and is a potential candidate as a biocontrol against crop disease (Hayward et al. 2010) . For example, L. antibioticus HS124 has a biocontrol ability for producing 4-hydroxyphenylacetic acid and several lytic enzymes against Phytophthora blight (Ko et al. 2009) . Lysobacter antibioticus produced Myxin, which blocks DNA synthesis of pathogens (Chowdhury et al. 2012) , and L. antibioticus 13-1 is a potential biocontrol agent for rice bacterial blight, and has been shown to reduce disease incidence up to 78.0% (Ji et al. 2008) . Moreover, Wu et al. (2017) corroborated that biofertilizer application increases the abundance of indigenous microbial groups, such as Lysobacter spp., which could play a key role in controlling pathogens. Recently, a specific primer-probe combination was designed to detect efficiently three Lysobacter spp. in different habitats (Joeke, Mirjam and Richard 2011) , a strain-specific TaqMan polymerase chain reaction (PCR) access to quantify Lysobacter enzymogenes has been successfully developed (Nijhuis, Pastoor and Postma 2010) , and strain-specific quantitative PCR (qPCR) has been used to monitor Lysobacter capsici AZ78 (Guillem et al. 2016) . However, the ecological distribution and population dynamics of L. antibioticus remain unknown. The aim of this work was to detect and monitor the existence and persistence of L. antibioticus in agricultural soils through a strain-specific quantification method based on qPCR.
Establishing methods and technique to monitor population dynamics after applying microbial biocontrol agents to crop farmland are indispensable; however, using culture-based methods to detect them is time-consuming and inefficient (Guillem et al. 2016) . A rapid detection method for microbes would facilitate identification and application in practice. Currently, quantification of microbes by quantitative molecular detection techniques is a common method (Noah et al. 2005; Köhl et al. 2009; Nijhuis, Pastoor and Postma 2010) , and with the increasing application of fluorescent qPCR to detect gene expression and validation, even at very low levels, accurate detection and quantification has become possible (Raeymaekers 2000; Stubner 2002; Okano et al. 2004; Smits et al. 2004) .
This research describes the design, optimisation and application of a strain-specific primers derived from the cyclohexanone monooxygenase gene (phzNO1; KU900196) for quantifying and monitoring L. antibioticus in agricultural soils by PCR and real-time qPCR. The sensitivity and protocols of PCR were determined and tested, and we also describe the use of real-time qPCR to quantify L. antibioticus directly in soils. The establishment and application of specific molecular detection methods of L. antibioticus have not been reported previosuly; this paper provides an important technical means for accurate monitoring and detection of L. antibioticus. 
MATERIALS AND METHODS

Source and cultivation of bacterial strains
Bacterial strains DNA extraction
Single colonies of bacterial strains were cultured on NA agar at 28
• C for 48 h. The culture was obtained by incubation of a single colony in 20 mL of Luria-Bertani medium (LB medium: tryptone, 10 g; yeast extract powder, 5 g; NaCl, 10 g; distilled water, 1 L; pH 7.0) with 160 r.p.m., at 28
• C overnight. Bacterial concentration was adjusted to the desired concentration (OD 600 = 0.5). DNA of different bacterial isolates was extracted from the culture with a Bacterial Genomic DNA Extraction Kit (Beijing City Teke Biotechnology Co., Ltd, China) according to the manufacturer's instructions. The preparation of a standard strain to make standard curves was as follows: 10 mL culture of L. antibioticus 13-6 was obtained according to description above and centrifuged at 10 000g for 1 min to collect thalli, and thalli were washed by adding 1 mL sterile distilled water (sdH 2 O) three times. A 10-fold dilution series of L. antibioticus 13-6 suspension (from 10 −1 to 10 −10 ) was performed, with aspiration of 50 μL of each concentration gradient to coat on NA agar. Colonie numbers (colony-forming units (CFU)/mL) were calculated after the bacteria-bearing plate was cultured at 28
• C for 48 h. In addition, 1 mL of each concentration gradient was aspirated to extract genomic DNA with a Bacterial Genomic DNA Extraction Kit (Beijing Teke Biotechnology Co., Ltd) according to the manufacturer's instructions.
Development of specific primers for Lysobacter antibioticus and PCR amplification
Several specific primers designed for detecting L. antibioticus were developed following the complete gene of phenazine gene (phzA, phzB, phzD, phzF, phzS; Irene de Bruijin et al. 2015) and cyclohexanone monooxygenase (phzNO1; Zhao et al. 2016) in GenBank. Primer pairs, phzNO1 F1 (5 -GTCGGAAGAAGAACGCCAGA-3 ) and phzNO1 R1 (5 -ATAGTCGTTGGTGCAGACCG-3 ), was selected to amplify PCR products of 229 bp of L. antibioticus. The PCR mixtures (25 μL PCR volumes) contained 0.5 μL pure 
Statistical analysis
IBM SPSS version 19.0 software (SPSS Inc., USA) was used for statistical analyses. These variables were considered for all treatment replicates and then subjected to analysis of variance. Mean values were compared by calculating the least significant difference at the 5% level in the analysis of death rates.
RESULTS
Evaluation of specificity and sensitivity of PCR amplification
The specificity of the primer set phzNO1 was tested against the collection of bacterial strains, 8 L. antibioticus strains, 2 L. enzymogenes strains, 1 L. capsici strain and 12 other bacteria isolates; primer set phzNO1 showed a clear band of the expected size of 229 bp only for L. antibioticus (Fig. 1) , while L. enzymogenes, L. capsici and other bacteria yielded no amplification products. antibioticus with primers phzNO1 F1/phzNO1 R1 using different concentrations of DNA. Lane 1, 2000 bp DNA ladder marker. Lanes 2-10, amplified products using DNA at concentrations of 5.14 × 10 9 , 5.14 × 10 8 , 5.14 × 10 7 , 5.14 × 10 6 , 5.14 × 10 5 , 5.14 × 10 4 , 5.14 × 10 3 , 5.14 × 10 2 and 5.14 × 10 1 fg/μL in a 25 μL PCR. Lane 22, control. The same results were obtained in three replicates.
The sensitivity of the primer set phzNO1 F1/phzNO1 R1 was 5.14 × 10 4 fg/25 μL reaction (Fig. 2) from the pure template of L. antibioticus 13-6 total genomic DNA.
Detection in AIS and PFS by traditional PCR
PCR assay using one pair of species-specific primers to detect L. antibioticus 13-6 in artificial inoculation soils and amplification results showed up in agarose gel. And results indicated that DNA extracted from all AIS were amplified and obtained expected specific products, including after inoculation for 7 days to 3 months (Fig. 3) . Results showed that traditional PCR assay using species-specific primers phzNO1 F1/phzNO1 R1 detected no L. antibioticus when inoculated for 49 days to 3 months (Fig. 3B) . Similarly, this method amplified specific products successfully using DNA from PFS. Results showed that traditional PCR assay detected weak fluorescence signals in PFS as shown in lane 2-4 and lane 12; other lanes had no signal (Fig. 4) . It is useful for analyzing the persistence and detecting the population of L. antibioticus in soil through using the primer set phzNO1 to amplify DNA samples from soils in PCR assays.
Establishment of standard curves
A standard curve of qPCR was established through plotting the log of a known DNA concentration (10-fold dilution from 514 ng to 5.14 fg in 20 μL reaction system) and a known copy number (10-fold dilution from 2.047 × 10 9 copies to 2.047 × 10 3 copies in 20 μL reaction system) from L. antibioticus 13-6 against the amplification curves, cycle threshold (Ct) values and melting curves (Fig. 5) 
Detection in AIS and PFS by real-time PCR
The qPCR method was also used to detect L. antibioticus quantitatively in soil. According to the established standard curve (Fig. 5) , DNA was extracted respectively from 0.5 g AIS and 0.5 g PFS and then prepared for fluorescent qPCR. Results showed that the colonization of L. antibioticus 13-6 in AIS increased for 1-5 days and then decreased slowly, and was still detectable by real-time qPCR after 3 months ( Table 2 ). The rhizosphere soils of different crops were sampled from six different fields and detection by real-time PCR was carried out. Results showed that colonization by L. antibioticus was detected in sample A from a continuous cropping field for 3 years of Panax notoginseng, while others samples had weaker signals that might have indicated there has a small quantity of L. antibioticus in the soils (Table 3) .
DISCUSSION
It is important to establish a convenient and reliable method to detect L. antibioticus in soils, and for monitoring the population of L. antibioticus in the field, which may help to understand how environmental factors modulate L. antibioticus survival in the rhizosphere of crops. We aimed to establish a sensitive, rapid and effective molecular detection method through using species-specific PCR and qPCR to quantify L. antibioticus in the edatope. Indigenous populations of three Lysobacter spp. were monitored in agricultural soils with TaqMan qPCR and populations ranged from <4.0-6.95 log gene copy numbers per gram of soil (Postma, Schilder and van Hoof 2011) . Monitoring L. capsici AZ78 using strain-specific qPCR in vineyards indicated that the population reached between 5 and 6 log 10 cells per gram of leaf after application and decreased by more than 100 times in 1 week (Guillem et al. 2016) . The developed TaqMan PCR method is a strain-specific real-time detection method that can be used to assess the population dynamics of L. enzymogenes strain 3.1T8 for further optimization of its biocontrol efficacy (Nijhuis, Pastoor and Postma 2010) . However, to the authors' knowledge, no specific PCR assay for L. antibioticus is currently available, either using conventional PCR or qPCR, so this is the first time that the population of L. antibioticus has been monitored in field conditions as a prototype formulation, and monitored using qPCR in the crop rhizosphere and in soil. One of the main differences between L. antibioticus ATCC29479, L. antibioticus 76, L. capsici 55, Lysobacter gummosus 3.2.11 and L. enzymogenes C3 genomes relies on the presence of a large number of genes encoding phenazine in the L. antibioticus ATCC29479 genome that may display specific antimicrobial activities (Irene et al. 2015) . So we used complete coding sequence (cds) of phzNO1, phzC, phzD, phzB and phzS to design primer sets, and finally obtained one pair of species-specific primers, phzNO1 F1/phzNO1 R1. The specificity of this detection system was demonstrated by traditional PCR and qPCR with eight target strains that show a 229 bp product consisting of a single band and 15 nontarget species that did not show any positive reaction. The sensitivity of the primer sets was 5.14 × 10 4 fg/25 μL reaction from the pure template of L. antibioticus total genomic DNA and 2.254 × 10 10 to 2.254 × 10 11 CFU/mL for the soil samples. We had isolated L. antibioticus from all used AIS after inoculation for 2 months, but we had hardly any isolated L. antibioticus from the PFS used in the current experiment, except for sample A (≥6.0295 log 10 DNA g −1 soil).
Because agricultural field soil is a complex ecosystem with a diverse microbial community, it is tedious and time-consuming Means and standard errors (SE) are shown; least significant differences (LSD) at P = 0.05; The superscript letters represent that there is no significant difference between any two treatments when there is an overlap of letters. three replicates per treatment. Means and standard errors (SE) are shown; least significant differences (LSD) at P = 0.05; The superscript letters represent that there is no significant difference between any two treatments when there is an overlap of letters. three replicates per treatment.
to isolate target bacteria by traditional plate culture medium. With the extensive application of PCR-based assays to detect and monitor microorganisms in in microbial ecology and environmental sciences (Yutaka et al. 2004; Kelly, Gilbert and Robert 2010) , it is possible to detect a low percentage of specific bacterium in mixed populations (Matsuki et al. 2002) . The PCR detection method reported here can provide a definitive detection of L. antibioticus in soils within hours, which can be used to more efficiency monitor its colonization and distribution in soil. However, the main disadvantage of DNA-based quantification methods is the inability to distinguish between viable and non-viable cells, as dead cells may also retain a significant amount of DNA. Several studies, using a combination of qPCR with propidium monoazide (PMA) treatment for the specific monitoring of viable target bacteria, have previously been carried out in an attempt to overcome this limitation (Yanez et al. 2011; Yokomachi and Yaguchi 2012; Van Frankenhuyzen et al. 2013) . Lv et al. (2016) developed and evaluated an accurate detection method that combines PMA staining with real-time qPCR to quantify viable dominant microorganisms during the traditional brewing of Hong Qu glutinous rice wine. However, there's no such technology yet that combines PMA staining with real-time qPCR to quantify biocontrol microbe or Lysobacter spp. in soils at present. Therefore, further work should focus on the establishment and evaluation of PMA-qPCR for all specific microbiological parameters for more accurate detection in soil samples.
In conclusion, a method for detecting and monitoring L. antibioticus was established, and it should facilitate detection and quantification of L. antibioticus through using a pair of speciesspecific primers in the edatope.
